Abstract In this essay, we argue that it is possible to significantly complement and improve our collective response to climate change by harnessing the combined capacities of key actors across the public and private sector. We apply the concepts of liability, market mechanisms, preferential market access, and polycentric governance toward a new type of climate change insurance for CO 2 . The quest to apply insurance principles to climate change dates back multiple decades. But ideas for employing the industry's ability to help avoid or minimize and, if necessary, compensate for uncertain costs in the future at scale, across national boundaries, and as part of a broader regime, seem to be lacking. We propose an approach that complements and combines ongoing efforts within a polycentric governance structure to reduce CO 2 emissions, increase resilience to and compensate damages from climate change on a global scale.
The proposal we outline here is based on the following hypothesis: it is possible to significantly complement and improve our collective response by building on capacities that different actors already have and combining ongoing efforts within a polycentric governance structure. The key element is the application of insurance principles to establish a global regime of manageable CO 2 emissions.
Looking to the insurance industry for addressing climate change is not new, a quest that goes back at least 40 years (Munich Re 1973) . Stephen Schneider (Schneider and KuntzDuriseti 2002) , like others (Chichilnisky and Heal 1993; Shiller 2014) , saw climate change to be an insurance problem. Schneider said BWe buy fire insurance for a house and health insurance for our bodies. We need planetary sustainability insurance.^ (Nuzzo 2005) . Allen (2003) wrote more than a decade ago that the question of insurance and liability for climate change may be the biggest question of all in climate policy and negotiations. The G7 meeting in 2015 called for insurance schemes to address climate change problems, as has the Conference of Parties (COP) of the United Nations Framework Convention on Climate Change (UNFCCC). COP19 established a committee, the Warsaw International Mechanism for Loss and Damage, to look into the matter (UNFCCC 2013) and COP21, with its Paris Agreement, encourages risk assessment and the incorporation of insurance solutions in managing climate change (UNFCCC 2015) .
The insurance industry itself was active early on (Mills 2005; Mills 2012 ), both within individual companies and collectively (Geneva Association 2009). Think-tanks were established and climate related insurance products have been developed (Surminski et al. 2016) . One group of experts looking at the role of insurance in climate change 10 years ago concluded that the challenge had to be tackled by private and public sectors in collaboration (Gurenko 2006) .
However, ideas for employing the industry's ability to help avoid or minimize and, if necessary, compensate for uncertain costs in the future at scale, across national boundaries, and as part of a broader regime that seeks to maximize existing capacities and market mechanisms, seem to be lacking.
Proposing a new type of climate change insurance
This section describes polycentric governance for climate change insurance (PGCCI) in a regime that follows four rules:
(1) Fossil fuels are Binsured^; (2) Products are labeled to denote whether their embodied energy was produced with noninsured fossil fuels or not (i.e. only with insured fossil fuels and/or renewable energy); (3) The collected premiums are used to mitigate, adapt to climate change, and compensate for specified losses caused by climate change; and (4) Producers of insured fossil fuels are protected against claims of liability for damages from climate change, unlike producers of non-insured fossil fuels.
Of all anthropogenic climate change, roughly three-quarters is caused by the consumption of fossil fuels. This human-induced climate change can be attributed to the oil, gas, and coal companies, according to the carbon content of the fuels they extract and sell (Heede 2014) . This attribution to fossil fuel companies matters, because it allows the internalization of costs at the beginning of the causal chain. Indeed, the only practical way to charge polluters is for fossil fuel-extracting companies to pay a surcharge at the source (Marland et al. 2015) .
That surcharge, proportional to the fuels' carbon content, can be passed on in the form of price increases for fossil fuels themselves, which eventually will result in price increases paid by consumers for final products. Applying the insurance concept, we propose that this surcharge is best thought of and explained as an insurance premium. Since the price increases are passed through, any consumer or company purchasing energy or goods produced with fossil fuels that were fully Binsured^, 2 will have contributed to insuring against the damages that the direct and indirect consumption of fossil fuels is likely to cause in the future.
While the proposal is unlike traditional insurance, the surcharge is called an insurance premium. Insurance companies are given a prominent role because the principles of insurance can be applied to key aspects of climate change, and because insurance companies have the capacity to administer large sums of money. The basic insurance principles we refer to are mainly precaution, risk assessment and risk sharing in combination:
& Precaution: Money is collected now in view of averting and compensating for future damage.
3
& Risk assessment: The insurance industry is able to assess risks, 4 calculate premiums and set ex-ante rules for the payments (averting and relieving disaster). & Risk sharing: The number of payments into the insurance pool is significantly larger than the number of payments out, as in our proposal each purchase of insured fuel represents a payment into the insurance scheme.
However, since climate change as a phenomenon cannot be insured on account of its diffuseness and magnitude, insurance companies will only carry limited risks and will not be in competition with one another in the traditional way. The level of the premium will not be determined by individual companies independently.
Instead, a pool of participating insurers, working jointly with a regulatory body set-up by the UNFCCC is at the heart of the proposed scheme. The public-private oversight body will be responsible for setting and periodically reviewing key parameters, such as the height of the premiums and what fraction of the collected premiums go to mitigation, adaptation and compensation.
What level of insurance premium is feasible? For an initial calculation: the value of fossil fuels traded globally varies from year to year, but is around USD 5 trillion annually 2 We use the term Binsured^fossil fuels, energy, goods, or services to denote instances where at the beginning of the value chain the surcharge or premium was paid for all fossil fuels used. Such Binsured^energy could also be mixed with energy from renewable sources. 3 Carbon taxes, carbon credits or certificates, admittedly, have also precautionary elements, but in this proposal precaution is tackled head on. In case of taxes, be they Pigout taxes or dedicated taxes, their later use is at the discretion of governments with priorities which may change over the years. For more on precaution see, for example, Persson 2016. 4 Not all climate change risks are amenable to quantitative assessment. But there are plenty of disaster scenarios which potentially can be insured, if the financing is taken care of (Surminski et al. 2016 ) -and with ongoing research their spectrum widens.
(see Table 1 ). If premiums are set to reflect emissions' external cost and we assume a price of USD 25 per metric ton of CO 2 , a value that is in line with conservative estimates of external costs of CO 2 emissions, 5 and we further assume -for the sake of this calculation -that all fossil fuels are fully insured, the price increase would be on average 17 %. That is significantly less than price fluctuations due to political or economic shocks, for example. Prices of most final products would increase only by a fraction of the fuels' price increase. Nevertheless, since premiums would be set proportional to the fuels' impact on climate change, the resulting price increases would provide an incentive along the full value chain to reduce energy consumption or reduce the climate impact per unit of energy. There would be an effort to switch away from coal as a fossil fuel, since its climate impact -and therefore the premium paid per unit of energy -is far higher than for oil or gas.
How much financing would this generate and how will the funds be used? The number of USD 840 billion is a theoretical total under the above used assumptions of a price of USD 25 per metric ton of CO 2 and all fossil fuels being fully insured. We should not expect full insurance coverage of fossil fuels, even in the long term, and insurance premiums themselves are expected to induce lower levels of fossil fuel consumption, especially of coal. On the other hand, the price set for a ton of CO 2 may be increased beyond the USD 25 assumed here. For another initial calculation: if we assume insurance coverage of fossil fuels at 10 % of 2013 levels for coal and 50 % for both oil and gas, total premiums would amount to approximately USD 268 billion. After the insurance companies have been compensated for collecting and managing premiums 6 (e.g. 6 % of total funds) and funds have been set aside for external monitoring of value chains (e.g. 4 % of total funds), 30 % or USD 80 billion annually would be set aside each for mitigation, adaptation, and compensation. The exact allocations will have to be negotiated in detail and periodically reviewed by the public-private oversight body, which will also monitor the use of all funds on an ongoing basis.
The collection of premiums amounting to hundreds of billions of dollars requires financial management capacity that insurance companies have or are well placed to build up. In Fig. 1 , we illustrate how we envision the flow of funds from fossil fuel companies to direct insurers to an insurance pool onward to mitigation and adaptation projects and instruments focused on adaptation and compensation.
For projects focused on mitigation and adaptation, insurance companies will transfer funds through the pool of insurers to existing institutions, including the Green Climate Fund. For adaptation and compensation, funds will be used to subsidize public authorities' or communities' purchases of insurance products that already exist and can be further developed, such as Cat Bonds, index-based insurance and other new innovative risk financing mechanisms (see, for example, Linnerooth-Bayer and Hochrainer-Stigler 2015). Insurance companies will be able to either use funds for subsidizing such insurance products directly, or pass the collected funds to the pool for allocating subsidies. The fact that funds would be used to subsidize instruments for adaptation and compensation, rather than outright compensation for damages from extreme weather events, reduces the need to precisely quantify the fraction of weather Excluding emissions from gas flaring and cement production, which would add another 6 % to total Climatic Change (2016) 139:129-140 damage that is due to climate change. The level of subsidy can be set for each country; e.g. inversely proportional to the cumulative per-capita carbon footprint. The complementary task to setting premiums and collecting them is establishing a mechanism for identifying insured vs. uninsured fossil fuels, and thereby being able to distinguish final goods as being produced with exclusively insured or renewable energy vs. final goods that are produced at least in part with noninsured fossil fuels. This is akin to labeling that is well known in other spheres, such as agricultural products that are Bcertified organic, as per USDA rules^or the efforts to introduce Bfair trade^as a distinguishing label for goods from developing countries. The challenge of establishing such a mechanism is a formidable one, of course, not least because it will require ongoing monitoring and auditing of value chains, though resources will be made available from the collected premiums. In the above example, 4 % of 268 would amount to more than USD 10 billion annually. Also here, there are actors who either already have or are well placed to build up the capacity to carry out such monitoring.
The compulsion for firms and consumers to switch toward goods and services that are fully Bclimate change insured and renewable^can build over time, as the labeling gains traction. For example, public administrations in selected countries may require all public contracts to be Binsured^, leading all providers that use energy from non-insured fossil fuels to be excluded. Similarly, international brands seeking to differentiate themselves among environmentally conscious consumers may choose to switch to fully climate change insured and renewable energy, which in turn would force all their suppliers along the value chain to switch to insured fuels as well. As an increasing number of decision makers, NGOs, and consumers demand that final products be free of noninsured fossil fuels, such action would likely spread.
The fact that the price increase comes in the form of an insurance premium (collected by insurance companies), rather than in the form of a carbon tax (collected by governments), matters for the proposal's likely acceptance and implementation. Consumers tend to accept price increases by suppliers in support of environmental goals quite readily, for example when used as cross-subsidies for renewable energy, especially if they occur gradually over time (Jacobs 2014) . The contrast between insurance premiums and taxes also highlights the public trust required for the collection and management of such funds. Whereas multi-national insurance companies, as well as international auditors and NGOs, spend significant resources to ensure a uniform minimum standard of quality or fiduciary control across countries, the same cannot be said for governments. Across the globe, national administrations have vastly different capacity -and public trust in their ability -to save money for future, uncertain costs.
What about the fossil fuel companies? The World Energy Council called for a globally harmonized carbon price in a fairly recent statement (WEC 2015) , thus implicitly agreeing with the notion that carbon should be priced in order to handle climate change. There is a growing discussion among NGOs, on behalf of victims of severe weather events, how to bring fossil fuel companies to court and sue for damages.
7 If ceasing to sell non-insured fossil fuels eliminates the liability of fossil fuel producers (individually or collectively) for future sales, the fossil fuel industry overall may welcome the proposed insurance framework and the opportunity to become part of the solution, in terms of public relations as well as legally.
The proposal we are outlining here stands a better chance of being implemented than alternative approaches. Binding worldwide agreements, which are necessary to enforce treaties and have to be translated into national law in all countries are avoided. The contrast with a conceptually similar approach recently proposed by Nordhaus (2015) is useful to consider. Nordhaus argues in favor of a so-called Climate Club, a new type of free trade regime. National governments would be compelled to adopt strong climate policies, because failing to do so would result in the exclusion from the free trade area. Similar to our proposal, the Climate Club relies on the idea that it is possible to compel an increase in the price of carbon emissions (through national policies or through insurance premiums), if failing to do so results in a significant penalty (denial of access to the free trade regime or denial of access to markets that prohibit the use of non-insured fossil fuels). The key difference is that in the Climate Club the only relevant actors are national governments, whereas actions by other stakeholders are assumed away. Though Nordhaus bemoans the limitations of the Westphalian system that underlies international law, the Climate Club he proposes remains within these same limitations, unlike the polycentric governance proposed here. While the Climate Club paper represents a most welcome and indeed critical contribution, our proposal looks beyond national governments and suggests that at the international level, where there is no central authority, the responsibility to act has to be placed on many shoulders.
Mapping the institutional stakeholders
We propose that without a global government, the responsibility and leverage for dealing with global commons, such as the global atmosphere, have to be shared among many actorsmaking it polycentric (Ostrom 2000 (Ostrom , 2010 Sovacool 2011; Jordan et al. 2015) . The principal actors are listed in Table 2 . We have identified eight core clusters or Bcenters^. Without any one of the eight centers the scheme would not work efficiently. Each center has its own functions and capabilities, but it also exercises influence on the other centers. The regime is not introduced through a global treaty or central authority, but by a combination of willingness and coercion of the centers and consumers to be part of the regime. While public authorities play a critical part, responsibility for enforcement does not rest solely with them. Instead, the proposed regime makes use of the fact that global markets and communications allow for aggregation of preferences within a polycentric regime that can impose discipline through denial of market access and can grow in strength and influence over time (Cole 2015) .
Mechanisms need to be developed in more detail to introduce the proposed regime, for premium setting and collection, for labeling, and for how to use the premiums. This requires technical discussions with international organizations within the UN system, with the insurance industry, fossil fuel-companies, and well-established, international NGOs. On the basis of such preliminary mechanisms, piloting can be initiated with a small set of actors, representatives of the centers outlined above. The key element and advantage of PGCCI is that full agreement by everyone is not necessary to initiate the proposal.
Conclusions and future research
We believe that PGCCI points to a research agenda that will have to be pursued alongside its introduction and on a continuous basis. While some of the mechanisms, rules, and actors have to be defined for the pilot itself, making polycentric governance effective would require ongoing research to refine, revise, and adapt the regime's rules and practices.
We see five principal areas of research supporting the establishment and functioning of the regime:
& Synergies between our proposal and other ongoing efforts should be examined systematically; & Business cases or relevant analyses of political economy are needed for all participating actors; & Issues of accountability and compliance will need to be studied and monitored; & Suitable investment and insurance mechanisms need to be developed further; and & Continuous monitoring will be required to ensure that PGCCI implementation enables and demands constructive interactions to make the polycentric governance work properly.
From the start, synergies with on-going efforts to curb emissions, such as cap-and-trade schemes, the COP and climate relevant G7 initiatives, will need to be examined in-depth. The COP could, for example, boost the polycentric approach through a declaration that emissions from insured fossil fuels do not count against agreed limits. And PGCCI can be seen as a source of money for the G7-initiated GCF. On the other side of the spectrum, fuel subsidies continue to exist in many countries. While it is straightforward to determine that directly subsidized fuel will not be eligible to be insured, identifying and assessing more indirect forms of subsidies and how they should be treated under PGCCI will require careful study. It will also be interesting to track whether an expanding PGCCI regime has a significant impact on the prevalence of fuel subsidies.
The second principal area where more work is needed relates to the business cases for all the actors involved, as well as to the political economy of public entities and their regulatory functions. For the insurance industry, including re-insurers, it needs to be examined how our proposal ties in with other industry efforts aimed at addressing climate change. Will a role similar to the role US insurers play in flood insurance 8 be attractive for individual insurance companies? Similarly, for fossil fuel suppliers the question of commercial viability and future business opportunities will need to be examined along with the dangers and/or opportunities to turn insured fuels from niche products into mass products. Well-established international NGOs will have to invest resources and reputation into making PGCCI work. Significant effort will be required to monitor compliance with labeling standards (i.e. making sure products that are labeled Binsured^are not partly produced with cheaper non-insured energy). While funding will be set aside for monitoring compliance, the organizational resources required to carry out the work will grow rapidly as PGCCI expands. Finally, also national government and international organizations would have to signal the extent of their buy-in and active partnership.
The third research area relates to improving accountability and compliance under both our PGCCI scheme as well as other, related collective action problems. Issues of accountability and compliance remain one of the most critical issues in non-state initiatives responding to collective climate goals (Shelton 2000) . The Green Climate Fund has for instance struggled to reach operationalization, and it requires less stringency than our insurance instrument would require (Fridahl and Linnér 2016) . In the past, previously successful approaches have tended to work only when they actively share information, create strong networks of trust among participants, have aggressive sanctions for non-compliance, and also involve feedback from a diverse group of stakeholders, among other design principles. Some of these principles may apply to PGCCI, but future research needs to confirm or contextualize such principles.
The fourth research area relates to the further development of insurance instruments and suitable investment mechanisms. As PGCCI expands, so will the amount of collected premiums. It can be partly spent on subsidies, requiring innovative instruments, but will also require long-term investment strategies that align with climate change objectives. Though options for subsidizing innovative insurance products are being developed (see, for example, Munich Climate Insurance Initiative at www.climate-insurance.org) the funds that PGCCI may raise will require additional effort.
The fifth area where additional and ongoing research will be needed relates to polycentric governance, which shifts the burden for enforcement from governments onto multiple stakeholders, including international institutions, multinational companies, NGOs and consumers. It avoids the pitfall of many global agreements that rely on public enforcement alone, which tend to fail due to the large gap in capacity between governments of different countries. As PGCCI grows, and with it the number of organizations and amount of money involved, these relationships will become more challenging to manage effectively.
In sum, the research across these five principal areas can be started now and continue in parallel to piloting, as it becomes a continual corrective to implementation.
We suggest time has come to internalize the costs associated with climate change into a form of insurance. Not only can this complement ongoing policies aimed at mitigation and adaption, especially by funding them, it also distributes responsibility for climate change more directly among the consumers and companies causing it.
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